Much attention has been paid to hormonal variation in relation to male dominance status and reproductive seasonality, but we know relatively little about how hormones vary across life history stages. Here we examine fecal testosterone (fT), dihydrotestosterone (fDHT), and glucocorticoid (fGC) profiles across male life history stages in wild white-faced capuchins (Cebus capucinus). Study subjects included 37 males residing in three habituated social groups in the Área de Conservacíon Guanacaste, Costa Rica. Male life history stages included infant (0 to <12 months; N = 3), early juvenile (1 to <3 years; N = 10), late juvenile (3 to <6 years; N = 9), subadult (6 to <10 years; N = 8), subordinate adult (P10 years; N = 3), and alpha adult (P10 years; N = 4, including one recently deposed alpha). Life history stage was a significant predictor of fT; levels were low throughout the infant and juvenile phases, doubled in subadult and subordinate adults, and were highest for alpha males. Life history stage was not a significant predictor of fDHT, fDHT:fT, or fGC levels. Puberty in white-faced capuchins appears to begin in earnest during the subadult male phase, indicated by the first significant rise in fT. Given their high fT levels and exaggerated secondary sexual characteristics, we argue that alpha adult males represent a distinctive life history stage not experienced by all male capuchins. This study is the first to physiologically validate observable male life history stages using patterns of hormone excretion in wild Neotropical primates, with evidence for a strong association between fT levels and life history stage.
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Introduction
The term life history refers to the patterns of development organisms pass through on their journey from birth to death. While individual members of a species can vary widely in this regard (e.g., death can occur seconds or years after birth for most mammals), knowledge of species-specific life history stages, such as age at weaning, sexual maturity, and first reproduction, are important to the interpretation and understanding of animal behavior. Growth and development are hormonally regulated in all organisms; therefore, major maturational milestones (i.e., life history stages) are generally marked by changes in hormone profiles (Finch and Rose, 1995) . For male mammals, androgens (e.g., testos-terone and dihydrotestosterone) and glucocorticoids (e.g. cortisol and corticosterone) vary considerably and somewhat predictably in accordance with life history (e.g., Lincoln, 1998; Nef and Parada, 2000) . Primates are known for their extended life histories (see Kappeler et al., 2003 for review), yet data on hormonal correlates of maturational milestones are only available for a limited number of taxa. In the present study, we use cross-sectional analyses to examine whether observable behavioral and/or physical changes across male white-faced capuchin (Cebus capucinus) life history stages are associated with hormonal differences. This information will enable us to more clearly understand male development and reproductive strategies in the study species and will inform interspecific comparisons of hormone production across life history stages (e.g., Wobber et al. 2013) .
In male primates, testosterone (T) is elevated during the first two to six months of life depending on species-specific life histories (Dixson, 2012; Ginther et al., 2002; Mann et al., 1998; Meusy-Dessolle and Dang, 1985; Winter et al., 1976) . This initial post-natal high is thought to promote post-partum maturation of the testes, continued masculinization of the brain, and facilitation of sex-typical behavioral organization via activation of the hypo-thalamic-pituitary-testicular axis (Fisher, 1998; Mann et al., 1989) . Following this post-natal period, T levels fall and generally remain at basal levels throughout the juvenile stage. Testosterone then increases at puberty in association with the onset of spermatogenesis, playing an activational role in the masculinization of body structures and brain organization (reviewed in Dixson, 2012) . Throughout puberty, T levels continue to rise as males approach adulthood, reach sexual maturity, and spermatogenesis becomes well-established (Beehner et al., 2009; Bernstein et al., 2008; Copeland et al., 1985; Gesquiere et al., 2005; Martin et al., 1977; Meusy-Dessolle and Dang, 1985; Plant, 1994; Seraphin et al., 2008; Whitten and Turner, 2009) , followed by a gradual decline with advancing age (Altmann et al., 2010; Chen et al., 1994; Hakikinen and Pakarinen, 1993 ; but see Strier et al., 1999) . Interestingly, a phenomenon referred to as a ''male-specific pubertal testosterone peak'' has been documented in several rodent species, whereby androgen levels at the start of puberty can be higher than those exhibited by adults (Eichmann and Holst, 1998, p. 785) . To our knowledge, this phenomenon has not been investigated or documented in male primates, though evidence to date clearly demonstrates that T levels vary throughout a male's life. Additionally, variability in individual T levels has been documented among adult male primates according to ecological seasonality (e.g., Cerda-Molina et al., 2009; Gesquiere et al., 2011a ; but see Strier et al., 1999) , mating/breeding seasonality (Bales et al., 2006; Brockman et al., 1998; Girard-Buttoz et al., 2009; Gould and Ziegler, 2007; Lynch et al., 2002; Ostner et al., 2002; Ostner et al., 2011; but see Strier et al., 1999; see Place and Kenagy, 2000 for review of nonprimates), group demography (Rangel-Negrín et al., 2011) , dominance status (Arlet et al., 2011; Kraus et al., 1999; Muehlenbein et al., 2004; Muller and Wrangham, 2004a; Muroyama et al., 2007; Schoof and Jack, 2013; Setchell et al., 2008) , and changes in dominance status (Alberts et al., 1992; Beehner et al., 2006; Brockman et al., 1998; Eberhardt et al., 1980; Mendoza et al., 1979; Rose et al., 1975; Schoof et al., 2011; Setchell and Dixson 2001a; Wickings and Dixson, 1992) .
Dihydrotestosterone (DHT) is an androgen metabolized from testosterone, and its non-aromatizable nature suggests it is especially potent (Dixson, 2012) . DHT is known to play a key role in the development of male external genitalia during embryonic growth, and it may also be involved in behavioral masculinization (Dixson, 2012) . Although it has not been widely investigated, DHT is also responsible for many androgen-driven events at male puberty (Plant, 1994; Weiner et al., 1996) , including the development of secondary sexual characteristics (Griffin and Wilson, 1998) and behavior required for successful copulation (Ginther et al., 2002; Wallen, 2005) . However, the full extent of behavioral potency of DHT and other testosterone metabolites is unknown. In both male cotton-top tamarins (Saguinus oedipus oedipus) and long-tailed macaques (Macaca fascicularis), DHT follows a trajectory similar to T in that it is elevated during the first few months of life, followed by an abrupt decline until puberty (Ginther et al., 2002; Meusy-Dessolle and Dang, 1985) . In contrast to macaques whose levels increase sharply at puberty, DHT levels in tamarins remain low for a prolonged period of time before increasing in later adulthood (i.e., up to 10 years; Ginther et al., 2002) . While it has not been widely investigated, an increase in the ratio of DHT to T is indicative of increased 5-alpha-reductase activity, the enzyme that metabolizes T to DHT, and this ratio may serve as a good physiological marker for the onset of puberty. For example, Ginther et al. (2002) found that the onset of puberty in cotton-top tamarins was marked by a significant rise in urinary DHT:T and remained elevated thereafter. In brown capuchin monkeys (Sapajus[Cebus] apella), metabolism of T into DHT in vitro testicular cells increased at the onset of puberty and continued into adulthood, though overall DHT levels were relatively low in comparison to other androgens (Rey et al., 1995) .
DHT production in maturing testicular cells and a subsequent increase in sexually mature individuals appears to be common among anthropoids and has been shown via in vitro analysis of testicular tissue in olive baboons (Papio anubis), rhesus macaques (Macaca mulatta), and orangutans (Pongo pygmaeus) (Preslock, 1980) .
In the few species for which they have been examined in relation to male life history, glucocorticoids (GC) have also been shown to increase with age (baboons: Gesquiere et al., 2005; chimpanzees: Seraphin et al., 2008; cotton-top tamarins: Ginther et al., 2002; humans: Touitou et al., 1983; Copinschi and Van Cauter, 1995; rats: Sapolsky, 1992) . Several studies of primates have also found that GCs are high in males during infancy. For example, in their study of male development in savanna baboons (Papio cynocephalus), Gesquiere et al. (2005) report the highest GC levels at around six months of age with levels declining by age two and remaining low despite increasing levels of testosterone at puberty ($5 years). Infant baboons begin to forage on their own at approximately three months of age and are usually weaned at around one year (Altmann, 1980) . This period of elevated GCs may reflect the social and/or physiological stress associated with this important maturational milestone. Captive studies on several other mammalian species have similarly found an association between elevated GC levels and weaning (cotton-top tamarins: Ginther et al., 2002;  squirrel monkeys and rhesus macaques: Levine and Wiener, 1988; piglets: Poletto et al., 2006; rodents: Kikusui and Mori, 2009) . Dispersal from the natal group is another stressful event during male life history that has been linked with elevated GC levels (Alberts et al., 1992; Bergman et al., 2005) . Like T, individual GC levels can fluctuate according to various socioecological conditions such as ecological seasonality (primates: Gesquiere et al., 2011a; non-primates: Romero, 2002 and Schradin, 2008) , mating/breeding seasonality (Fitchel et al., 2007; Lynch et al., 2002; Setchell et al., 2010; see Place and Kenagy, 2000 for review of non-primates), group demography (Alberts et al., 1992; Bergman et al., 2005) , individual dominance status (Arlet et al., 2009; Bergman et al., 2005; Gesquiere et al., 2011b; Muller and Wrangham, 2004b; Sapolsky, 1983 Sapolsky, , 2004 Sapolsky, , 2005 Schoof and Jack, 2013; Van Belle et al., 2009) , and changes in dominance status (Alberts et al., 1992; Beehner et al., 2006; Brockman et al., 1998; Schoof et al., 2011; Wickings and Dixson, 1992) .
In this study we use cross-sectional data to explore patterns of fecal testosterone (fT), dihydrotestosterone (fDHT), and glucocorticoid (fGC) excretion at different life history stages for wild male white-faced capuchin monkeys (Cebus capucinus) residing in three social groups. Capuchins reside in multimale, multifemale groups averaging 15 individuals, and are characterized by female philopatry and male dispersal . Although births and conceptions occur throughout the year, white-faced capuchins are considered moderate seasonal breeders (sensu van Schaik et al., 1999) , with 44% of births occurring between May and July (Carnegie et al., 2011a). Male capuchins disperse from the natal group at approximately 4.5 years of age (range = 19 months to 11 years; Jack et al., 2012) , after which they continue to disperse throughout their lives at approximately 4-year intervals (Jack and Fedigan, 2004a) . Dispersal for non-adult capuchin males is peaceful in nature in that they leave their natal group voluntarily and they do not experience aggression when entering a new group (Jack and Fedigan, 2004a) . When adult males join a new group, they usually engage in prolonged antagonistic interactions via multimale coalitions (Fedigan and Jack, 2004) . In our long-term study groups, such takeovers occur approximately every four years and often result in the death or eviction of resident males, infanticides, and even the occasional deaths or disappearances of females and juveniles (Fedigan, 2003; Jack and Fedigan, 2004a; Gros-Louis et al., 2003) . Following these coalitionary group takeovers, a single male rises to alpha status with little or no challenge from his coalition partners. Indeed, relationships among our resident males are characterized by affiliative interactions, low rates of aggression, and continued cooperation in group defense (Jack, 2003; Perry, 1998; Schoof and Jack, in press ).
White-faced capuchins are medium-sized primates (females are $2.7 kg and males 3.7 kg) that can live up to 55 years in captivity (Hakeem et al., 1996) , and to at least 24 and 26 years of age for wild males and females respectively . In general, development in the genus Cebus is slow in comparison to other similarly sized primates and capuchins are especially altricial at birth (see Jack, 2011 for review). We recognize male whitefaced capuchins as passing through a number of identifiable life history stages based on age, physical appearance, and behavior (see Table 1 for overview). From birth to approximately three months, infants remain in almost constant contact with their mothers and are completely reliant upon them for subsistence (Carnegie, 2011a; MacKinnon, 1995 MacKinnon, , 2002 . At around three months of age, infants begin to experiment with other food sources, and they are fully weaned between 12-14 months (Carnegie, 2011a; MacKinnon, 2002) . At weaning, Cebus species have typically attained about half of their adult body weight, and do the vast majority of their remaining growth during an extended juvenile period (Fragaszy and Bard, 1997; Fragaszy et al., 2004) . In the early juvenile stage, males forage independently but remain close to adult group members; play behaviors also become increasingly important, and often include exploratory sexual behaviors (MacKinnon, 2002) . During the late juvenile stage, most male white-faced capuchins disperse from their natal groups (mean 4.5 years; Jack et al., 2012) . While white-faced capuchin females are considered juveniles from post-weaning through to the birth of their first offspring ($seven years of age, Fedigan et al., 2008; Fedigan and Jack, 2012) , the transition from juvenile to adulthood is not as clearly demarcated for males. After the juvenile stage, males then go through a marked subadult stage (6-10 years), when most males are capable of copulating with ejaculation (Hakeem et al., 1996; pers. obs.) . Males as young as 7.8 years have been confirmed to sire offspring in a wild population (Muniz et al., 2010; unpublished) , suggesting that at least some males attain sexual/reproductive maturity during subadulthood. It is during this subadult phase that maturing males begin to exhibit behaviors consistent with those of adult males, including active participation in intergroup encounters during which they engage in both vocal and behavioral threats (Jack, 2003; Jack and Fedigan, 2004) .
Most sexual and copulatory behavior in white-faced capuchins is, however, reserved for fully adult males (>10 years), and alpha males sire the majority of offspring in their own social groups (Jack and Fedigan, 2006; Muniz et al., 2010) . Agonism among co-resident males is rare, and while there is a clearly identifiable alpha male, linear dominance relationships among subordinates do not appear to exist and/or are difficult to distinguish given the rarity of agonistic interactions (Jack, 2003; Perry, 1998; Schoof and Jack, 2013) . Male white-faced capuchins do not attain adult body size until they are 10 years of age, an observation that is consistent with sexually dimorphic patterns of somatic growth in species where males are larger than females (Dixson, 2012) . Even as adults, males do not fill out with the entire suite of secondary sexual characteristics (e.g., exaggerated brow ridges, large mandibular girth, broad shoulder girdle) until/if they attain alpha male status within a social group (Schoof et al., 2011) . This dormancy in the development of the full suite of secondary sexual characteristics is likely related to androgen levels rather than individual propensities, as androgens are significantly higher in alpha than subordinate adults (Schoof and Jack, 2013, in press) and appear to reach peak levels only after a male attains alpha status (Schoof et al., 2011) (See Figure 1a and b) . Given that not all males attain alpha status, and there is considerable age overlap for alpha and subordinate adults, alpha males appear to constitute a distinctive life history phase.
The aim of the present study is to establish a chronology of endocrine function to gain a better understanding of the secretory patterns of androgens and glucocorticoids across life history stages in male white-faced capuchin monkeys. We generally predict that androgens will be lowest in infants and early juveniles, and begin to increase gradually in late juveniles, subadults, and adult males, with peak levels being reached only in alpha males. Similarly, we predict that glucocorticoid levels will be increase in the late juvenile and subadult period, when males engage in natal dispersal, and will be highest in alpha males. Finally, we predict that the deposed alpha male will have hormone levels similar to subordinate adult males.
Materials and methods

Study site and subjects
This study was conducted in the Santa Rosa Sector of the Área de Conservación Guanacaste, Costa Rica. Santa Rosa, formerly known as Santa Rosa National Park (SRNP), is comprised of over 100 km 2 of tropical dry forest. Seasonal effects in this area are marked; an average of 1800 mm of rainfall occurs during the wet season months of May through November, while rainfall is scant or absent and most of the trees lose their leaves during the dry Fedigan and Jack, 2012 for full description of the field site and history of the capuchin project). We collected fresh fecal samples from males (N = 37) residing in three long-term study groups (CP, LV and GN, see Table 2 for group compositions) between May 29 and July 21, 2010, which coincides with the latter half of the birth peak in this population (Carnegie et al., 2011a) . In an earlier study we found that both alpha and subordinate males display higher fecal androgens and fGC levels in the dry season when intergroup interactions (and the threat of takeovers and infanticide) are at their peak (see Schoof and Jack, 2013; Jack et al., 2013) . Based on these findings, it is likely that the samples presented here represent hormone levels that are lower than would be encountered during the dry season and the timing of collection works to decrease the effects of differential male response to reproductive effort. CP and LV groups have been the focus of long-term behavioral and ecological study (since 1984 and 1990 respectively) and all natal males are of known age and maternal origins. We began habituating GN in 2006 and reliable demographic data collection began on this group in 2007. Ages for males with unknown birthdates (i.e., those present in the group when observations began and unfamiliar immigrants) were estimated based on body size comparisons with males of known ages. Subjects ranged in age from six months to approximately 18 years and all males were individually identifiable based on natural markings. Given that known birthdates were only available for 21 of the 37 males, we assigned males relative age ranks, with the youngest male being ranked 1 and the oldest ranked 37. We also grouped study subjects into seven recognizable life history stages following MacKinnon (1995 MacKinnon ( , 2002 and Jack et al. (2012) : infant (0 to <12 months; N = 3), early juvenile (1 to <3 years; N = 10), late juvenile (3 to <6 years; N = 9), subadult (6 to <10 years; N = 8), subordinate adult (P10 years; N = 3), alpha adult (P10 years; N = 3), and recently deposed alpha adult (P10 years; N = 1; see Table 1 ). The single recently deposed alpha male (6 weeks prior to the start of our study) was also estimated to be the oldest male in our sample. To our knowledge, none of the three subordinate adult males had ever acquired alpha status.
Research protocols for this study were approved by the Área de Conservación de Guanacaste and Tulane University's IACUC. The authors adhered to the American Society of Primatologists Principles for the Ethical Treatment of Nonhuman Primates and to the legal requirements of Costa Rica.
Fecal sample collection, hormone extraction, validation and analyses
Fresh fecal samples were collected into plastic vials after defecation, and labeled with the individual male's ID, and the date and time of collection (N = 163; mean = 4.4 per individual, range = 2-7 per individual; see Table 1 for details on samples per life history stage). Following Carnegie et al. (2011b) , the vials were placed in ice packs until they could be stored in a freezer at the end of the field day. For preliminary field extraction, we weighed out 0.10 g of thawed feces and processed them using Prevail C18 Maxi-Clean 300 mg SPE cartridges (Alltech Associates, Inc., Deerfield, IL) following the methods described in Carnegie et al. (2011b) . Samples were analyzed at the Wisconsin National Primate Research Center (WNPRC) by VAMS in August 2010 following the methods described in Schoof et al. (in press) . Hormones were eluted from the SPE cartridges with 2 mL of 100% methanol, dried in a hot water bath, reconstituted in 1 mL of 100% ethanol, and stored in a refrigerator. Following Ginther et al. (2001) , we used a portion of the sample to separate fT and fDHT fractions by inhouse Celite column chromatography. Recoveries were 89.35 ± 3.04% (mean ± SE) for fT fractions and 86.98 ± 3.34% for fDHT fractions (N = 7) . The fT and fDHT fractions were subsequently analyzed by EIA in which sample volumes of 5-25 uL were dried and resuspended in the assay solution, and 1/3 was aliquoted into each well. fGC was analyzed by EIA without chromatography using 50 uL of the ethanol solution (Carnegie et al. 2011b ). All EIAs used antibodies raised in rabbits (for antibody crossreactivities, see 6 (3, 2, 1) 9 (3, 4, 2) 4 (0, 3, 1) 19 (6, 9, 4) Juvenile males * (late, early, infant) 9 (1, 5, 3 * ) 6 (3, 1, 2) 12 (5, 6 * , 1) 27 (9, 12, 6) Total 32 21 35 88 * The three CP infants and two of the GN early juveniles were not included in this study due to the difficulty of obtaining samples from these young individuals. Ziegler et al., 1995 and Ginther et al. 2001) . All samples and standards (T: 1-250 pg, N = 8, 17b-Hydroxy-3-oxo-4-androstene; DHT: 5-alpha-dihydrotestosterone; GC: 3.16-1000 pg, N = 6, 11b,17a, 21-Trihydroxypregn-4-ene-3,20-dione; Sigma-Aldrich, St.Louis, MO) were run in duplicate. Concentrations of fT, fDHT, and fGC were measured in ng/g of wet feces. Mean intra-and inter-assay coefficients of variation (CV) for fT were respectively 3.8 and 5.5 for the low pool, and 3.7 and 6.7 for the high pool. Mean intra-and inter-assay coefficients of variation (CV) for fDHT were respectively 11.8 and 20.3 for the low pool, and 2.0 and 9.9 for the high pool. Mean intra-and inter-assay CVs for fGC were respectively 10.9 and 19.4 for the low pool, and 3.8 and 6.3 for the high pool. Mean percent accuracy was high for all three hormones (fT: 104.69 ± 1.94, N = 8; fDHT: 113.21 ± 1.84, N = 8; fGC: 115.48 ± 2.27, N = 6). Additionally, the percent bound values from the pooled samples paralleled the percent bound values of the standard curve for each hormone and there were no differences in their slopes (fT: t (28) = 0.269, p > 0.05, n = 8; fDHT: t (20) = À0.224, p > 0.05, n = 5; fGC: t (21) = 0.066, p > 0.05, n = 7).
An ACTH challenge to test the biological validity of the fGC response could not be conducted because the study population is comprised of wild white-faced capuchins. However, prior studies from this population of C. capucinus have shown that fGC levels of adult females increase in response to a presumably stressful situation (change in male group composition; Carnegie et al., 2011b) . Additionally, individual fGC levels increase with a rise in male dominance rank (Schoof et al., 2011) and decrease with increased habituation levels , both situations presumably associated with changes in stress. ACTH challenge in the closely related robust tufted capuchin, Sapajus (Cebus) apella, results in a cortisol increase (Torres-Farfan et al., 2009 ).
Data analysis
Slightly more than half of all fecal samples (57%) were collected before noon. There was no diurnal variation for any of the hormone variables (fT: t, unequal variances:À1.488, df = 78.443, p = 0.141; fDHT: t, equal variances = À0.004, df = 160, p = 0.997; fDHT:T: t, equal variances = 0.392, df = 160, p = 0.696; fGC: t, equal variances = 0.240, df = 160, p = 0 .811); therefore, morning and afternoon samples were pooled for all analyses.
We used Spearman's rank correlation for a preliminary examination of the effects of age (investigated here as a relative age where males were ranked from 1-37 according to known or estimated age, see above) on individual mean levels of fT, fDHT, fDHT:T, and fGC. fT, fDHT, and fGC displayed non-normal distributions even after transformation attempts. Repeated-measures generalized linear mixed models (GLMMs) account for unbalanced repeated measures designs (Cnaan et al. 1997) , thereby allowing us to include all fecal samples and avoid averaging hormone levels for individuals (see Muehlenbein et al. 2004 for discussion of this type of mixed-model). Since the distributions for fT, fDHT, and fGC were non-normal, we used GLMMs with gamma regression to test whether these hormones were predicted by male life history stage (gamma distribution with log link used because all values were positive and skewed towards larger values). The square root transformation of fDHT:T was normally distributed so we used a GLMM with a normal distribution and an identity link function. For all GLMMs we employed a scaled identity covariance structure (which assumes that potential correlations between the variables of interest remain stable across the data collection period) with fecal samples (i.e., the repeated measure) nested within each male, and males nested within each social group. We allowed degrees of freedom to vary using the Satterthwaite approximation, and used robust covariances for tests of fixed effects and coefficients. For fT, fDHT and fDHT:fT, we nested males within social group as a random variable. For fGC, however, this combination resulted in an error with the G and Hessian matrices and we therefore included only social group as the random factor in this model. Post-hoc pairwise comparisons of life history stages were conducted only for statistically significant GLMM models. Significance was set at 0.05 and all p-levels reported are adjusted for multiple comparisons using the least significance difference method. All analyses were conducted in IBM SPSS Statistics 19.0.
Results
The scatterplot for relative male age rank, life history stage, and fT clearly illustrates that alpha males show the highest fT levels, followed by the sole deposed alpha male (Fig. 2) . Given that the mean fT level of the recently deposed alpha male was intermediate to alpha and subordinate adult males, we considered ''deposed alpha'' as its own life history stage rather than including him with the other subordinate adult males so as to not skew their hormone levels. Male relative age rank was significantly correlated with mean fT levels (Spearman's q = À0.550, p < 0.001).
The GLMM showed that male life history stage was a good predictor of fT (F (6, 26) = 17.234, p < 0.001; Fig. 3 ). Alpha males had significantly higher fT levels than those of all other male life history stages (alpha vs. subordinate adult: t = 2.830, p = 0.010; alpha vs. subadult: t = 2.892, p = 0.008; alpha vs. late juvenile: t = 3.024, p = 0.006; alpha vs. early juvenile: t = 3.012, p = 0.006; alpha vs. infant: t = 3.023, p = 0.006), with the exception of the recently deposed alpha male (alphas vs. deposed alpha: t = 1.550, p = 0.136). The deposed alpha and subordinate adult male fT levels did not differ significantly from any of the other life history stages. Subadult males had significantly higher fT levels than late juveniles (t = 2.452, p = 0.022), early juveniles (t = 2.169, p = 0.040), and the difference with infants approached significance (t = 2.041, p = 0.051). There were no significant differences between late juvenile, early juvenile and infant life history stages.
Male life history stage was not a significant predictor of fDHT (F (6, 28) = 0.966, p = 0. 466; Fig. 4) , fDHT:fT (F (6, 24) = 1.572, p = 0.198; Fig. 5 ), nor fGC (F (6, 147) = 1.598, p = 0.151, Fig. 6 ).
Discussion
Male hormonal profiles and life history stage
Consistent with previous research in other non-human primates, white-faced capuchin testosterone (fT) levels rose gradually with advancing male age (Fig. 1) and life history stage (Fig. 2) . Mean fT levels for infants, early and late juveniles were statistically indistinguishable, while fT levels doubled for males in the subadult and subordinate adult life history stages. Interestingly, hormonal profiles for subordinate adult and subadult males were virtually indistinguishable. In contrast, alpha male testosterone levels (mean = 69.7 ng/g; range = 55.9-87.6 ng/g) were more than eleven times higher than the fT levels of subordinate adult (mean = 5.97; Fig. 3 . Estimated mean fecal testosterone (fT) ± robust SEM by male life history stage. Summary of significant relationships: Alpha > than all life history stages except deposed alpha; subadult >than late juvenile, early juvenile and infant life history stages. range = 3.5-7.5 ng/g) and subadult males (mean = 5.90 ng/g; range = 1.4-13.5 ng/g), further supporting our contention that these males occupy a distinctive life history stage (see below). We have argued elsewhere that alpha male capuchins maintain high fT levels even in the absence of periovulatory females due to the constant threat of intergroup encounters and takeover attempts as both are associated with infanticide in our study groups . This may be the case during our study as it took place during the birth peak.
We did not have any males in our sample that were at or near the oldest age estimate for male white-faced capuchins ($24 years) so we are unable to explore the possibility of male fT levels dropping with advancing adult age as has been documented in some mammalian species. It is noteworthy, however, that the oldest male we have documented in our study groups was an alpha male when he disappeared (not included in study sample). In addition, the recently deposed alpha male (referred to as BG herein) was the oldest male in our study sample (at least18 years old) and his fT levels were intermediate to those of alpha and subordinate adult/subadult males in our sample. When BG was alpha male during the same six-week period in 2009 (i.e., also during the birth peak), his mean fT level was 123.84 ng/g compared to 28.70 ng/g in the current study, indicating that fT levels respond to changes in male dominance status. By comparison, mean fT levels of the beta male who deposed BG increased drastically from 7.08 ng/g in the same six-week period in 2009 to 55.93 ng/g as alpha male in the current study. Although the sample size is unquestionably small, these data support our prior finding that androgens increase rapidly following a rise to alpha status (Schoof et al., 2011) and they add to our growing understanding of fT response in relation changes in dominance status in male white-faced capuchins.
Based on the cross-sectional data collected for this study, male life history stage was not a good predictor of fDHT or fDHT:fT, though longitudinal data may uncover a differing pattern of excretion. Of interest in the current data set is our finding that BG, the sole deposed alpha male showed the lowest fDHT and fDHT:T levels ( Figs. 3 and 4) , indicating decreased 5-alpha-reductase activity and thus lower conversion rates of T to DHT. This may be linked to his recent change in dominance status and/or may be a reflection of the male's increasing age (estimated >18 years), with some research on humans indicating that DHT levels tend to decline with increasing age (Drafta et al., 1982; Matsumoto, 2003 ; but see Kaufman and Vermeulen, 2005) . Increased sampling of aging males is needed to examine the effects of age on male hormone levels. The highest fDHT:T ratios occurred during the early juvenile stage, indicating that relatively more T was being converted to DHT than during the other male life history stages, though these differences were not statistically significant (see Fig. 4 ).
Life history stage was also not a good predictor of fGC levels, indicating that no single stage is associated with a relatively greater stress response in white-faced capuchins. Although not significant, early and late juveniles display higher fGC levels than infants and subadults, potentially indicative of increased stress associated with important somatic growth, the overall social complexities associated with juvenile life history stages, and dispersal (Pagel and Harvey, 1993) . As anticipated, alpha males displayed the highest fGC levels, although the difference was not statistically significant relative to the other life history stages (see Fig. 5 ). Our previous finding that two of three alpha males had higher fGC levels than their subordinates suggests that fGC excretion may be influenced by the interaction of male dominance status, individual developmental trajectory, and other social and ecological factors, such as the number of coresident males, number of infants, perceived infanticide risk Schoof et al., in press ), presence of fertile females (Schoof et al., in press) , and seasonality (dry vs. wet season; conception vs. birth peak).
Onset of puberty and the development of secondary sexual characteristics
The ratio of fDHT:T peaked in early juvenile male white-faced capuchins (12 months to 3 years). The fDHT:T ratio was slightly lower in late juvenile males (3-6 years), followed by a dramatic drop in subadult males (Fig. 4) . A similar pattern has been documented in cotton-top tamarins and the peak in DHT:T is hypothesized to indicate the onset of puberty (Ginther et al., 2002) . Although our results were not statistically significant (perhaps owing to the cross-sectional nature of our study and variability among individual males), the observed peak in DHT:T may indicate that the process of sexual maturation is beginning in the early juvenile life history stage. Male juvenile capuchins frequently engage in ''exploratory'' sexual behavior such as attempted mounting behavior and pelvic thrusting, but these have not been observed to result in intromission (in fact, these are rarely directed towards the genital area). The link between increased DHT metabolism and these sexually dimorphic copulatory behaviors (mainly mounting) is well-established for other species (Wallen, 2005) .
Based on the results presented here, male white-faced capuchins appear to enter puberty in earnest during the subadult life history stage (6-10 years), as indicated by the onset of fT elevation above pre-pubertal levels (Plant and Witchell, 2006) . Indeed, our finding that several subadults in our sample had higher mean fT levels than subordinate adult males (Fig. 1) , may be indicative of the ''male-specific pubertal testosterone peak'' documented in several rodent species (Eichmann and Holst, 1998) . As a group, however, males in the subadult life history stage did not differ significantly from males in the subordinate adult life history stage. Longitudinal data are needed to more fully explore this important life history stage and the role of individual developmental trajectory. While the significant increase in fT observed in subadult over juvenile males likely reflects their impending reproductive maturity (i.e., the gonads are regularly pumping out T in contrast to the endocrine silence associated with juveniles), the somatic growth process is ongoing in white-faced capuchins until full adult body size is reached at around 10 years of age. In human and nonhuman primates, as well as in non-primate mammalian species, there is a strong association between elevated testosterone levels and the laying down of lean muscle and the promotion of skeletal growth in specific regions (Rogol, 2010; Wiren, 2005) .
When comparing the ages of pubertal onset with other primates, capuchins are anomalous for their small size (adult male weight is $3.7 kg). For example, at approximately 60 kg adult male chimpanzees are nearly 20 times the size of capuchins, yet an increase in plasma T levels occurs around the same age (6-8 years old; reviewed by Plant and Witchell, 2006) . While data for platyrrhine species are sparse, pubertal onset occurs much earlier in the few species for which this has been investigated (e.g., $1 year in cotton-top tamarins: Ginther et al., 2002;  $1 year in marmosets and owl monkeys and 2.5-3 years in squirrel monkeys: Plant and Witchell, 2006) , although it should be noted that these species weigh <50% of an adult male capuchin. According to life history theory, the costs of growth and reproduction are such that the two seldom overlap (Charnoz, 1993; Charnov and Berrigna, 1993) . In species with high rates of male-male competition, reproductive maturation is often delayed until the male has reached his physical peak and is socially experienced enough to attain and maintain a dominant position in the social hierarchy (Leigh, 1992) . In white-faced capuchins, delaying the attainment of adult body size appears to facilitate dispersal by enabling late juvenile males to join new groups with little to no aggression (Jack and Fedigan, 2004a; see van Noordwijk and van Schaik, 2001 for similar observations among long-tailed macaques, M. fascicularis). Late juvenile males with lower levels of testosterone do not necessarily present a direct threat to resident coresident males (especially alpha males), and hence might make the transition into a new social group more easily than adult males, who generally have to takeover groups via aggressive coalitions. By the time a capuchin male reaches full adult body size at around 10 years of age, he is usually well established in his third social group (Jack and Fedigan, 2004b) .
However, even after attaining adult body size, not all males develop the full complement of secondary sexual characteristics. We contend that the significantly higher androgen levels found in alpha male white-faced capuchins (present study; Schoof et al., 2011; in press; Schoof and Jack, 2013) are associated with the development and maintenance of their distinctive morphological features (i.e., brow ridge prominence, wider jaws, larger overall size, piloerection). Such dominance-based morphological differences have been reported for several primate species, and while this has been best described for mandrills (Mandrillus sphinx: Setchell and Dixson, 2001a Dixson, , 2001b Setchell et al., 2010) and orangutans (P. pygmaeus: Knott, 2009; Maggioncalda et al., 1999 Maggioncalda et al., , 2000 Maggioncalda et al., , 2002 , Dixson suggests that ''delayed development of masculine secondary sexual traits is a more common reproductive strategy in primates than is currently realized or documented' ' (2012: 269) . We suggest that this is the case in male white-faced capuchins, and that males follow different developmental paths based on physiological and social condition.
Summary
This is the first study to physiologically validate observable male life history stages using patterns of hormone excretion in wild Neotropical primates. These data provide us with a better understanding of male reproductive potential in this species and will enable us to more succinctly address issues pertaining to how social and demographic processes may influence a male's developmental and social trajectory (i.e., his ability to attain alpha status). An obvious limitation of the cross-sectional nature of this study is that our analyses may not account for variation between individuals within the same life history stage, which may explain why we did not find significant differences in fDHT, fDHT:T and fGC. A longitudinal study would enable us to track individual trajectories through the various life history stages. Nonetheless, given the longevity of our study species and the difficulties inherent in non-invasively studying the dispersing sex throughout their lives (i.e., tracking individuals through multiple dispersal events), the results presented here are significant in that they provide us with a life history snapshot for male white-faced capuchins. It is only through the integration of behavioral, ecological, and endocrine data that we can begin to fully understand and interpret the behavior of wild white-faced capuchins. In concert with the longitudinal life history and demographic data our research team collects on this species (dating back to 1983), the data presented here suggest that male capuchins experience an energy trade-off between growth and reproduction, one that is mediated by frequent dispersal and delayed rank attainment. Collectively these data take us a long way towards understanding the developmental trajectories of male white-faced capuchins and other nonhuman primates, which as whole are characterized by their unusually slow life histories (Kappeler et al., 2003) .
